The physiological condition of two invasive crayfish species identified in Croatian rivers (Orconectes limosus and Pacifastacus leniusculus) was compared with that of native crayfish populations (Astacus astacus and A. leptodactylus). Hepatosomatic, gonadosomatic and abdominal muscle indices were examined for all four species and within a specific invadernative pair. The results demonstrate that invasive crayfish had better overall physiological condition when compared to native species, with a higher energy content of the hepatopancreas, abdominal muscle and gonads in invasive than in native species, with the exception of A. leptodactylus females which demonstrated an increased ability to allocate energy to reproduction in comparison with other species. These results also indicate that A. astacus is physiologically more unstable than A. leptodactylus and thus more likely to be outcompeted and replaced by non-indigenous crayfish species.
Introduction
The introduction and translocation of non-native aquatic species is globally widespread, occurring both deliberately and accidentally. In many parts of the world, non-native species present one of the most important threats to freshwater biodiversity and ecosystem functioning (Lodge et al. 2000; Pyšek & Richardson 2010) . Expansion of non-indigenous crayfish species (NICS) in freshwater ecosystems is recognized as a major threat to indigenous crayfish species (ICS) worldwide (Taylor 2002) , and specifically in Europe (Schulz & Smietana 2001; Holdich et al. 2009 ). Therefore, Genovesi & Shine (2004) drafted the European Strategy on invasive alien species, aimed at promoting development and implementation of co-ordinated measures and cooperative efforts throughout Europe to prevent or minimise adverse impacts of invasive alien species (IAS) on Europe's biodiversity, and their consequences for the economy and human health.
NICS usually possess advantageous biological, physiological and behavioural traits (Pintor et al. 2008) that enable them to displace ICS from their habitats through direct competition and transmission of diseases such as crayfish plague (Diéguez-Uribeondo 2006; Holdich et al. 2009 ). Therefore, effects of competition on fitness are asymmetrical and often unfavourable for ICS, even in plague-free contact zones (e.g., Westman et al. 2002) .
Fitness is characteristically assessed at the organism level for a range of traits such as fecundity, survival and longevity, though Parsons (2005) claimed that energy should provide a more fundamental foundation for fitness. A tendency towards increased energetic efficiency of organisms in their habitats therefore represents an adaptive process which translates into increased fitness, which is especially relevant in stressed environments with a restricted availability of certain key resources (Parsons 2005) . Since there is a high overlap among crayfish species in key resource demands and potential predators (Gherardi 2007 ), a competitive environment will increase such stress.
Objective of this study was to test if NICS are more energetically efficient than ICS and whether such energetic efficiency gives a competitive advantage over native crayfish, alongside the previously mentioned transmission of diseases and beneficial biological, ecological and behavioural traits. Furthermore, since energy efficiency of an organism is related to its physiological characteristics and its ability to adapt to the environment (Parsons 2005) , it can be assumed that physiological condition represents a measurable proxy for such efficiency.
Organosomatic indices are generally applied to evaluate crayfish condition, life cycle or environmental stress and to indicate the nutritional status and energy reserves of an animal (Huner et al. 1990; Mannonen & Henttonen 1995; Jussila & Mannonen 1997) . High organosomatic indices represent good functionality of key physiological processes such as energy storage (hepatosomatic index, muscle index) and allocation resources for reproduction (gonadosomatic index) (Huner al. 1988; Mackevičiene 1999a; Carmona-Osalde et al. 2004 ). On the other hand, high moisture content is an indicator of lower energetic status of examined individuals (Jussila & Mannonen 1997) . Generally, indices concerning organ moisture content are considered to most accurately depict the animal's energy reserves, since previous research has shown a linear relationship between the two parameters, i.e. moisture content in the hepatopancreas (HM) as reversely proportional to its energy content (Jussila & Mannonen 1997) . The same principle can be applied for the moisture content of other organs, such as abdominal muscle and gonads (Huner et al. 1988; Lucić & Erben 2005) .
We explored: (i) whether general differences exist between native and invasive species in their physiological condition measured on the basis of the organosomatic indices, and (ii) whether such differences follow a similar pattern in native-invader pairs. The results obtained are interpreted in the light of sex differences, differences in morphology and the life cycle of the examined species and the potential influence of local environmental conditions, but also in relation to potential implications of physiological condition for the invasion success of the analysed invaders.
Material and methods
Locations and sampling of crayfish Mature males (n = 7-31) and females (n = 7-17) of four species were trapped using baited LiNi traps (Westman et al. 1978 ) during several trapping sessions at four different locations in Croatia (Fig. 1) . Two contact zones between ICS and NICS have been recorded in Croatia (Hudina et al. 2009 ): in the northernmost part of Croatia native populations of Astacus astacus (L., 1758) are endangered by the downstream spread of the invasive Pacifastacus leniusculus (Dana, 1852) along the Mura River, while in eastern Croatia native populations of A. leptodactylus Eschscholtz, 1823 are endangered by the downstream spread of Orconectes limosus (Rafinesque, 1817) along the Danube River and its upstream spread through the Drava River (Hudina et al. 2009 ). The native A. astacus is originally distributed in the continental part of Croatia (Maguire & Gottstein-Matočec 2004) and is protected by law, both nationally and internationally (Official Gazette 70/05 and 139/08; Bern Convention 92/43/EEC). Its records in the main course of the Drava and Mura rivers in the northernmost part of Croatia have not been confirmed since 2007, despite intensive fieldwork performed on both rivers in 2009 and 2010 (Hudina et al. 2009; unpublished data) . Astacus leptodactylus was originally distributed in eastern Croatia but spread from eastern to central Croatia where it formed abundant populations . However, its populations in the lower reaches of the Drava River are endangered by its coexistence with O. limosus, which dominates A. leptodactylus in a 16:1 ratio (Hudina et al. 2009 ).
Specimens of P. leniusculus and A. astacus were collected from northern Croatia. The invasive P. leniusculus was sampled in the Mura River at the village Sveti Martin, while native A. astacus was collected from a gravel pit near the town of Prelog. Specimens of A. leptodactylus and O. limosus were not collected from the same area ( Fig. 1) as A. leptodactylus was not present at the site during sampling. Instead, specimens of A. leptodactylus were acquired from abundant populations in the Dobra River at the village Novigrad na Dobri, while the invasive O. limosus was sampled from the Drava River at its confluence with the Danube River, near the village Sarvaš (Fig. 1) . All sites have good water quality according to Croatian water quality records (Croatian Waters 2004) . According to data obtained from the Croatian Meteorological and Hydrological Service, the mean September water temperatures for the Dobra, Drava and Mura River (A. leptodactylus, O. limosus and P. leniusculus habitats, respectively), were 13.6 • C, respectively. Total length and total wet weight was recorded for each crayfish specimen. Individuals with missing chelae were excluded from the analysis. In total, 97 mature crayfish were analysed: 20 O. limosus (10 females and 10 males), 14 A. astacus (7 females and 7 males), 20 A. leptodactylus (9 females and 11 males) and 43 P. leniusculus (16 females and 27 males).
The mean weights and total lengths of females and males of all four species are given in Table 1 . All animals analyzed were in the C4 intermolt stage with whole cuticle calcified (Reynolds 2002 ) and gastroliths were not found in any of the crayfish sampled.
As organosomatic indices in decapods depend on seasonal dynamics (Mackevičiene 1999a; Yamaguchi 2001) , sampling was performed over a short time period (during two weeks in September 2009). All four species were in a similar phase of the annual cycle, in preparation for reproduction.
Analysis of organosomatic indices
Crayfish from all four locations were frozen at -20
• C. After freezing, specimens were thawed to the degree at which organs were still partly pervaded with ice but still complete, and then weighed (wet weight), measured (total length) and dissected. Digestive glands, gonads and abdominal muscle were carefully removed, placed in previously tared foil cups and weighed to the nearest 0.001 g. Removed tissues were dried at 80
• C for 24 hours and were removed from the thermostat just before weighing once more (dry weight). The obtained measurements were expressed as wet organosomatic index (Oiwet; equation 1), dry organosomatic index (Oi dry ; equation 2) and organ moisture content (OM; equation 3) (Jussila 1997a) .
(1) Oiwet = Wwo × 100 / Wt; (2) Oi dry = W do × 100 / Wt and (3) OM = (Wwo -W do ) × 100 / Wwo where Wwo = weight of wet organ (g); Wt = total weight of crayfish (g); and W do = weight of dry organ (g).
Changes in the relative size of the hepatopancreas (hepatosomatic indices, Hiwet and Hi dry ), gonads (gonadosomatic indices, Giwet and Gi dry ) and abdominal muscle (muscle indices, Miwet and Mi dry ,) and their moisture content (HM, GM and MM, respectively) were used as measures of crayfish condition (Huner et al. 1988; Huner et al. 1990; Mannonen & Henttonen 1995; Jussila 1997b; Mackevičiene 1999b; Yamaguchi 2001; Carmona-Osalde et al. 2004) . Obtained values were compared (a) between all analysed species and (b) between a native-invader pair of species (P. leniusculus -A. astacus; O. limosus -A. leptodactylus).
Statistical analysis
Results were expressed as mean ± SD. Statistical analysis was performed using Statistica 7.0. Due to the small sample size, nonparametric tests were used for all analyses (Mann Whitney U Test: MWT; Kruskal-Wallis ANOVA test: KWA; Spearman Rank Order Correlations: SROC). In all performed analyses, results were considered statistically significant at P < 0.05. Statistical significance is indicated by an asterisk (*) in the text.
Results
Comparisons between all analysed species Differences in organosomatic indices were analysed between sexes and species. Organosomatic indices differed significantly between males and females of O. limosus and A. astacus for all indices tested (MWT: P < 0.05), except for abdominal muscle moisture content (MM). Males of A. leptodactylus differed significantly from females in Hi wet (MWT, P = 0.023*), Mi wet (MWT, P = 0.002*) and Mi dry (MWT, P = 0.004*), while males and females of P. leniusculus significantly differed in all gonadosomatic indices (MWT, P < 0.001*), Mi wet and Mi dry (MWT, P < 0.001*). Due to these differences, males and females of all four species were treated separately in further analysis.
Males of all four examined species differed significantly in all examined organosomatic indices (KWA < 0.05). Similar results were obtained for females with the exception of Gi wet which did not differ significantly among females of the four examined species (KWA, P = 0.231, df = 3).
When the hepatopancreas was analysed more closely, multiple comparisons of mean ranks revealed that the recorded statistical differences in hepatosomatic indices in males stemmed from differences between O. limosus and all other species in Hi wet , and from differences between P. leniusculus and all other species in HM. Hi wet in O. limosus males was lower (Hi wet = 2.8%; Table 2 ) that in the other three species, which had similar values of Hi wet (Hi wet = 4.7-4.8%; Table 2 ). At the same time, HM was considerably lower in P. leniusculus males (HM = 60.8%) when compared with the moisture content of males of the other three species (HM = 73.9-77.7%; Table 2 ). In females, multiple comparisons of mean ranks revealed that differences in HM stemmed from differences between invasive and native species. Females of both invasive species (P. leniusculus and O. limosus) had considerably lower HM (HM = 58.1-59.4%) than females of the two native species (A. astacus and A. leptodactylus, HM = 66.2-74.6%; Table 2 ). Hi wet of females exhibited a similar pattern as in males, with a lower Hi wet in O. limosus than in the other three examined species (Table 2) .
Comparisons between invasive and native species pairs
The condition of males and females of native-invader pairs (invasive P. leniusculus and native A. astacus in north-west Croatia, and invasive O. limosus and native For abbreviations of species names see Table 1 . Explanations: For abbreviations of species names see Table 1 . Respective pairs are divided by thicker horizontal bars within the table.
Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001.
A. leptodactylus in north-east Croatia) were tested separately (Table 3 ). In the O. limosus -A. leptodactylus pair, males and females of both species differed statistically significantly in Hi wet , with a higher Hi wet in A. leptodactylus, while females also differed in HM (lower HM values for invasive than for native species; Table 2 ). Differences in gonadosomatic indices were statistically significant between males of O. limosus and A. leptodactylus, with higher values of Gi wet and Gi dry in A. leptodactylus and lower GM in O. limosus, while females differed significantly only in GM, which was lower in A. leptodactylus. Furthermore, both sexes of the two species differed significantly in Mi dry and MM while females also differed in Mi wet . All latter indices indicated better condition of the invader (O. limosus) as opposed to the native species (higher Mi wet and Mi dry , lower MM). Differences between organosomatic indices in P. leniusculus and A. astacus males were statistically significant for moisture content of the hepatopancreas, gonads and abdominal muscle (HM, GM and MM) and Hi dry (Table 3) . Females of these two species differed significantly only in HM (Table 3) . All recorded significant differences revealed better condition of P. leniusculus in comparison to A. astacus in both males and females.
Discussion
Of all the indices applied in this study, moisture content of the hepatopancreas, gonads and abdominal muscle (HM, GM and MM) most distinctively differentiated invasive and native species. The lower moisture content of organs of invasive species might indicate that invasive species have greater energetic efficiency than native species (Parsons 2005) , which might contribute to their invasive success (Pintor et al. 2008) .
Among all the indices applied in this study, hepatosomatic indices are the most frequently used in the literature when inferring energetic status of crayfish (Huner et al. 1988; Mannonen & Henttonen 1995; Mackevičiene 1999b ). The hepatopancreas is the major organ of energy reserves storage in crustaceans (Sanchez-Paz et al. 2007 ) and is highly sensitive to physiological and environmental changes (Johnston et al. 1998) . Taking into account that the sampling sites were in a relatively pristine state according to Croatian Waters records (2004) , the obtained values are considered to be the result of differences in energy storage between species, rather than water quality conditions between sampling sites.
Since the analysis is based on three different though interrelated indices, information resulting from each index was inevitably different and sometimes even contradictory. We account for the possibility that differences in wet and dry indices may result from underlying differences in morphology between the sexes and species, while moisture content represents a more general measure of energetic status of species (Jussila & Mannonen 1997) .
Comparisons between all analysed species
The present study demonstrated that invasive crayfish had better condition indices when compared to native species, as the energy content of hepatopancreas, abdominal muscle and gonads was almost always higher in invasive than in native species, with the exception of A. leptodactylus females which demonstrated an increased ability to allocate energy for reproduction (lower GM), in comparison with other species. Higher energy content of organs was indicated by their lower moisture content as suggested by Jussila & Mannonen (1997) who found a high correlation coefficient and high statistical significance between hepatopancreas energy and moisture content. A similar Hi wet among A. astacus, A. leptodactylus and P. leniusculus is expected as these species are closely related. The considerably lower HM in both sexes of P. leniusculus and O. limosus reveals that the hepatopancreas energy content is higher in invaders (Jussila & Mannonen 1997) . Of all the examined species, both sexes of P. leniusculus had the lowest HM, suggesting that the hepatopancreas energy reserves in this species were highest.
The similarities of the annual cycle between A. astacus, A. leptodactylus and P. leniusculus have been described by several Croatian authors Maguire et al. 2010) . Holdich & Black (2007) provided information on the life cycle of O. limosus in central and northern Europe while Juchno & Chybowski (2002) and Chybowski & Juchno (2002) described the maturation of gonads of O. limosus from Poland. According to Juchno & Chybowski (2003) , ovaries of O. limosus in September are mainly filled with mature phase II oocytes, while testes differ among males (Chybowski & Juchno 2002) , with some containing more sperm than others. Therefore, according to these authors, O. limosus may mate from late August to early April, but females never deposit their eggs until late April or early May.
If the time of spawning of O. limosus in eastern Croatia corresponds to that in northern and central Europe, and keeping in mind that the transfer of energy reserves from the hepatopancreas usually occurs prior to spawning (Viikinkoski et al. 1995; Yamaguchi 2001) , we would expect that the hepatosomatic and gonadosomatic indices of O. limosus will differ from indices of other three species due to the prolonged mating season and postponed spawning. The recorded GM and HM of O. limosus in September followed the same pattern as in the other three species (lower HM than GM, and lower HM and GM in females than in males), though Hi wet and Gi wet were considerably lower than in the other three species. This corroborates the findings of Juchno & Chybowski (2003) for females of O. limosus, whose gonads reached their maximum Gi wet as late as spring. On the other hand, Chybowski & Juchno (2002) found two different types of maturation in O. limosus males, which implies the possibility of two mating periods, one in autumn and one in spring. These assumptions need to be further tested on the Croatian population of O. limosus.
When Gi wet and Gi dry were analysed, no statistical differences were detected between females of the four species. On the other hand, differences among species in pleopodal fecundity are well described by many authors (Kozak et al. 2006; Guan & Wiles 1998; Harlioglu & Türkgülü 2000; Taugbøl & Skurdal 1990) . Gi wet in males and females of A. leptodactylus were the highest among the species, which could be due to different environmental characteristics (e.g., water temperature) between the examined sites. According to data obtained from Croatian Meteorological and Hydrological Service, the mean September and annual water temperatures for Dobra River (A. leptodactylus habitat) were higher than for the Drava and Mura rivers. Previous research on other crayfish species recorded a positive correlation between ovary development and water temperature (Carmona-Osalde et al. 2004 ). Therefore, it is possible that A. leptodactylus had higher Gi wet due to the higher average mean and monthly temperature of the Dobra River compared to the other rivers. A. leptodactylus females also demonstrated an increased ability to allocate energy to reproduction, as indicated by the lowest GM among the species. Since females of A. leptodactylus had a higher Gi wet and lower GM than the invasive species, such traits might make this native species physiologically less susceptible to invasion. Furthermore, as A. leptodactylus successfully spread from eastern to western Croatia over the past 50 years (Maguire & Gottstein-Matočec 2004) , it could be possible to speculate about its invasiveness upon other native species (e.g., potential cryptic invader). This assumption is corroborated by comparative analyses of A. leptodactylus and A. astacus by other authors (Mackevičiene 1993) who recorded better adaptive plasticity of A. leptodactylus as compared to A. astacus (higher hepatosomatic indices, more rapid hardening of the cuticle after molting and less energy expenditure during molting in A. leptodactylus).
When abdominal muscle indices were compared among the four species, the lowest Mi wet values were recorded in P. leniusculus, which is likely influenced by its morphology since the signal crayfish has relatively larger claws than other species (Śmietana & Krzywosz 2006) , thus contributing to the total weight of the animal. This is also confirmed by the fact that O. limosus, as the species with the smallest claws among the four species, had the highest Mi wet . These findings indicate that Mi wet is not a reliable index for comparison of different crayfish species. Moisture content of the abdominal muscles of the species indicated that invasive species had a slightly lower moisture (higher energy) content of the abdominal muscle; however this difference was not statistically significant.
Differences between organosomatic indices of the two invasive-native pairs
In the O. limosus -A. leptodactylus pair, Hi wet and Hi dry in O. limosus were lower in both males and females than in A. leptodactylus, with a significant difference between the two species in Hi wet . Since the hepatopancreas serves as the main source of energy for ovarian development, growth and molting of the crayfish (Huner et al. 1990; Mannonen & Henttonen 1995; Jussila 1997a ), a greater Hi wet and Hi dry could imply that A. leptodactylus is physiologically more competitive than O. limosus. Also, females of A. leptodactylus had a significantly lower GM (e.g., higher energy content) than O. limosus females. Differences between O. limosus and A. leptodactylus females likely resulted from prolonged maturation of eggs in O. limosus and their postponed spawning (Holdich & Black 2007; Juchno & Chybowski 2003) . Similarly, as O. limosus males can mate from August to April (Holdich & Black 2007; Chybowski and Juchno 2002) it is also expected that their gonads would not be at their maximum size as in A. leptodactylus males, which mate and spawn in late autumn (Lucić 2004; Faller et al. 2006; Maguire et al. 2010) . Therefore, differences in the gonadosomatic indices in this invasive-native pair could also have resulted from differences in the annual cycle (cf. Souty-Grosset et al. 2006) . Ideally, in order to obtain better insight into the differences in condition between O. limosus and A. leptodactylus and their potential causes, these analyses should be repeated with A. leptodactylus individuals gathered directly from the zone of contact, which was not possible in this study due to the strong domination of O. limosus over A. leptodactylus (Hudina et al. 2009 ). Therefore, we cannot rule out the possibility that the obtained results were influenced by different temperature regimes at the collection sites of each species, since both gonadosomatic and hepatosomatic indices are directly or indirectly related to temperature (Lahti 1988; Huner et al. 1990; Mackevičiene 1993; Viikinkoski et al. 1995; CarmonaOsalde et al. 2004) or other factors such as population density, diet or life cycle differences (Huner et al. 1990; Mannonen & Henttonen 1995; Viikinkoski et al. 1995; Yamaguchi 2001; Jussila 2003; Fotedar 2004) . Results of analyses in the O. limosus -A. leptodactylus pair demonstrate that some aspects of the physiological condition of A. leptodactylus are similar or even superior to that of O. limosus. However, several factors, such as differences in the annual cycle related to the length of the breeding season and egg maturation, differences in temperature regimes and population densities between collection sites of O. limosus and A. leptodactylus might have skewed the results in favour of A. leptodactylus.
In the P. leniusculus -A. astacus pair, the results were more straightforward, indicating better condition of P. leniusculus overA. astacus across all hepatosomatic and gonadosomatic indices. The results of analyses by pairs in two zones of contact confirmed the better physiological condition of the invasive species in the P. leniusculus -A. astacus pair, which fits the results of the group analysis of all four species.
In conclusion, the organosomatic indices analysed demonstrated that A. astacus is a physiologically more sensitive species than A. leptodactylus and thus more likely to be outcompeted and even replaced by invasive species, which could partly explain the fact that A. leptodactylus replaced the A. astacus populations that were historically present in the rivers of western Croatia (Maguire & Gottstein-Matočec 2004) .
The organosomatic indices applied in this research are useful tools for the assessment and comparison of physiological condition of different crayfish species competing for key resources. Moreover, organosomatic indices are informative for species fitness, i.e. energetic efficiency, since energetic efficiency depends on both the physiology of the examined organisms and their ability to adapt to a restrictive environment (Parsons 2005) . As such, they could represent a valuable tool in monitoring native crayfish fauna at specific sites, or in local and regional planning of management actions aimed at invasive species control, since they provide information about the specific condition of local populations. However, they must be interpreted carefully as they depend on numerous factors such as the life cycle, environmental and population characteristics.
This study has demonstrated several prerequisites for the use of organosomatic indices in the local and regional monitoring of crayfish populations: (i) knowledge of the detailed annual cycle of each species being monitored; (ii) information on crayfish population densities at monitored sites, and (iii) in the case of comparative analyses between competing species, the need for collection of animals from the zone of contact.
